Excitotoxicity has been implicated in the pathogenesis of amyotrophic lateral sclerosis (ALS). More recently, glial involvement has been shown to be essential for ALS-related motoneuronal death. Here, we identified an N-methyl-D-aspartate (NMDA) receptor co-agonist, D-serine (D-Ser), as a glia-derived enhancer of glutamate (Glu) toxicity to ALS motoneurons. Cell death assay indicated that primary spinal cord neurons from ALS mice were more vulnerable to NMDA toxicity than those from control mice, in a D-Ser-dependent manner. Levels of D-Ser and its producing enzyme, serine racemase, in spinal cords of ALS mice were progressively elevated, dominantly in glia, with disease progression. In vitro, expression of serine racemase was induced not only by an extracellular pro-inflammatory factor, but also by transiently expressed G93A-superoxide dismutase1 in microglial cells. Furthermore, increases of D-Ser levels were also observed in spinal cords of both familial and sporadic ALS patients. Collectively, Glu toxicity enhanced by D-Ser overproduced in glia is proposed as a novel mechanism underlying ALS motoneuronal death, and this mechanism may be regarded as a potential therapeutic target for ALS.
Introduction
Amyotrophic lateral sclerosis (ALS) is the most common motor neuron disease, pathologically characterized by massive selective motoneuronal loss, inclusion bodies in remaining neurons and astrocytes, and gliosis around dying neurons in the ventral horns of spinal cords (Bruijn et al, 2004) . Approximately 90% of ALS cases are sporadic, while 10% are inherited. About 20% of inherited cases have mutations in the gene encoding superoxide dismutase 1 (SOD1) (Rosen et al, 1993) . Although the discovery of mutations in SOD1 has resulted in a considerable number of studies, the mechanism of selective motoneuronal death is still unclear. Among several proposed hypotheses on the pathogenesis of ALS, excitotoxicity mediated by ionotropic glutamate (Glu) receptors has been regarded as a principal cause of motoneuronal death (Bruijn et al, 2004; Van Damme et al, 2005) . This notion was supported by the fact that a three-fold increase in the Glu level was detected in the cerebrospinal fluid of patients with ALS due to loss of Glu uptake by astrocytes (Rothstein et al, 1990 (Rothstein et al, , 1995 and that an inhibitor of Glu release, Riluzole, is the sole drug clinically effective against ALS. The former observation was confirmed by a cohort study indicating that the Glu level increased in the cerebrospinal fluid of 40% of sporadic ALS patients (Spreux-Varoquaux et al, 2002) . Together with the finding that the loss of Glu transporters was detected in ALS model rats with a SOD1 mutant (Howland et al, 2002) , it seems most likely that Glu toxicity has some important roles in the pathogenesis of both inherited and sporadic ALS. However, the detailed mechanisms underlying Glu toxicity on motoneurons still remain elusive.
There are three classes of ionotropic Glu receptors: N-methyl-D-aspartate receptors (NMDARs), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, and kainate receptors (Van Damme et al, 2005) . The AMPA receptors have been assumed to play a central role in ALSrelevant Glu toxicity, because a defect in the editing of mRNA encoding GluR2, which resulted in increased Ca 2 þ influx, was found in patients with sporadic ALS (Kawahara et al, 2004) . At the same time, the NMDARs have been shown in vitro to be as important as the AMPA receptors for Glu toxicity in neurons (Prehn et al, 1995) . A more recent finding shed light on the relevance of the NMDARs in ALS pathogenesis: an NMDAR antagonist, memantine, has been reported to prolong survival in ALS model mice (Wang and Zhang, 2005) . Activation of the NMDARs essentially requires the binding of a co-agonist to its glycine site. D-Serine (D-Ser) is a physiologically dominant excitotoxic co-agonist to the glycine site compared with glycine (Shleper et al, 2005; Panatier et al, 2006) , and is endogenously converted from L-serine (L-Ser) by serine racemase (SRR). SRR is mainly expressed in glia (Wolosker et al, 1999a) and upregulated by glial activation . Considering that insults generated from activated glia are assumed to be essential for the induction of motoneuronal death (Pramatarova et al, 2001; Clement et al, 2003; Boillee et al, 2006) , we hypothesized that in ALS, the excessive amounts of D-Ser generated from the activated glia may contribute to the development of Glu toxicity. In the present study, we demonstrate evidence supporting this hypothesis.
Results

Elevated levels of D-serine in ALS mice
To investigate the potential roles of D-Ser in ALS, we first performed immunofluorescence (IF) analysis with anti-D-Ser polyclonal antibody on frozen spinal cord sections, prepared from G93A-SOD1 transgenic mice (ALS mice) at 9 , 16 , and 21 weeks, corresponding to early (presymptomatic), middle (onset), and end stages, respectively. We found that D-Ser immunoreactivity increased with disease progression starting from the presymptomatic early stage, whereas no distinct change in it was observed among non-transgenic littermates (non-Tg) at the corresponding ages ( Figure 1B) . The specificity of the antibody was verified by specific disappearance of the immunoreactivity by preabsorption with D-Ser (Supplementary Figure S1) . Chemiluminescence assays for the measurement of D-Ser levels using a D-Ser degradation enzyme, D-amino acid oxidase (DAO), also confirmed the elevation of D-Ser levels in spinal cords of ALS mice at 16 weeks (onset stage; Figure 1C ). These results suggest that the progressive elevation of D-Ser levels is positively correlated with disease progression.
D-Serine in damaged motoneurons and activated glia
To study the possible involvement of D-Ser in the ALS pathogenesis and to identify D-Ser-producing cells in vivo, we examined D-Ser distribution in spinal cords from ALS mice. Double IF analysis with the anti-D-Ser antibody and neuronal markers showed that D-Ser accumulated around vacuolated motoneurons in the spinal ventral horns even at the presymptomatic early stage of the disease (Figure 2A) , suggesting a correlation between the D-Ser accumulation and the neuronal damage. The elevation in the D-Ser level was also observed in non-neuronal cells in both gray and white matters ( Figure 1B) . We further performed double IF analysis of the spinal ventral horns using the anti-D-Ser antibody in association with an anti-glial fibrillary acidic protein (GFAP) antibody as a marker of astrocytes or a specific adhesion molecule to microglia (isolectin B4 from Griffonia simplicifolia (IB4) (Streit, 1990) ). D-Ser was localized both in activated microglia and astrocytes at the end stage ( Figure 2B and C) as well as at the earlier stages (data not shown), suggesting that D-Ser increase was also associated with glial activation in ALS.
D-Serine exacerbates NMDA toxicity
We next examined D-Ser contribution to Glu toxicity through NMDARs. First, we investigated the toxicity of NMDA using primary cultured spinal cord cells (PSCs) derived from E14 mouse embryos. PSCs on the fifth day after being plated were exposed to NMDA and IF analysis was performed with antibodies against specific markers for neurons, astrocytes, and microglia. NMDA treatment caused 58.0% decrease in the number of NeuN-positive cells, most of which were also choline acetyl transferase (ChAT)-positive, whereas no significant changes were observed in numbers of either GFAPpositive cells or ionized calcium-binding adapter molecule 1 (Iba1)-positive cells ( Figure 3A-F) . This indicates that NMDA is predominantly toxic to neurons in PSCs.
Next, cell death was estimated with measurement of lactate dehydrogenase (LDH) release that rises proportionally to the extent of cell death. Treatment with NMDA caused greater release of LDH from PSCs of ALS mice than that from PSCs of non-Tg mice, indicating the increased vulnerability of neurons derived from ALS mice to NMDA toxicity ( Figure 3G ). LDH release was further augmented in a D-Serdose-dependent manner in PSCs from ALS mice ( Figure 3H ), whereas L-Ser or glycine did not increase LDH release caused by NMDA treatment (Figure 3I ), excluding the possibility that some amino acids nonspecifically increase NMDA toxicity. To confirm the contribution of D-Ser to the augmentation of NMDA toxicity, we co-administered 5,7-dichloro-kynurenic acid (DCKA), one of the most potent antagonist to the glycine-binding site of NMDARs, with DSer and NMDA ( Figure 3J ). DCKA inhibited the D-Ser-induced enhancement of NMDA toxicity, indicating that D-Ser potentiates NMDA toxicity through binding to the glycine site of NMDARs.
Upregulated SRR in activated microglia
How was excessive D-Ser produced? D-Ser is primarily generated by conversion of L-Ser by SRR that is mainly localized in glia. The specificity of an anti-SRR antibody was confirmed by immunoblot and IF analyses with the NSC34 cells transiently overexpressing mouse SRR (Supplementary Figure S2A and B). To estimate levels of the D-Ser-producing enzyme SRR in glia (Wolosker et al, 1999a) , we performed IF analysis with the anti-SRR antibody using non-Tg and ALS mice at early, middle, and end stages. In a manner similar to the D-Ser levels in ALS mice, the number of SRR-positive cells increased at the early stage and further upregulated with disease progression ( Figure 4A ). Immunoblot analysis with anti-SRR antibody of spinal cord tissues from non-Tg and ALS mice at the end stage showed a 1.4-fold increase in the expression of SRR ( Figure 4C ). These data suggest that increase in both the number of D-Ser-producing cells and the expression level of SRR in each cell contributed to the elevation in the D-Ser level in ALS mice.
D-Ser levels are also regulated by the degradation of D-Ser. D-Ser can be selectively metabolized by the peroxisomal flavoprotein DAO, an enzyme present in astrocytes (Urai et al, 2002) , though the detailed mechanism responsible for its degradation remains elusive. We performed IF and immunoblot analyses with anti-DAO antibody whose specific Figure 4B ). In contrast, immunoblot analysis indicated that the expression levels of DAO remained unchanged between non-Tg and ALS mice ( Figure 4C ). These findings suggest that elevation of DAO levels was relatively low as a whole compared with those of SRR, and also that the degradation of D-Ser by DAO could not compensate for excessive synthesis of D-Ser. Thus, we think that the increase of D-Ser levels in spinal cords from ALS mice was primarily caused by the upregulation of SRR. Double IF analysis with anti-GFAP antibody or anti-Iba1 antibody as a marker of microglia (Ito et al, 1998) , in association with anti-SRR or anti-DAO antibody, indicated that the majority of SRR-positive cells were composed of amoeboid-shaped activated microglia ( Figure 4D and E); and cells labeled with anti-DAO antibody merged with astrocytes in ALS mice at the end stage ( Figure 4F and G). The latter was consistent with the fact that a D-Ser transporter alanine-serine-cysteine transporter 1 (Asc-1) is distributed to astrocytes (Ribeiro et al, 2002; Rutter et al, 2007) . Accordingly, the elevation of the D-Ser levels in ALS mice might be caused by an imbalance between the production in activated microglia and the uptake/degradation in astrocytes.
SRR induction by extra-and intracellular factors
Expression of SRR is thought to be induced in microglia in inflammatory conditions through the activation of the c-Jun N-terminal kinase (JNK) pathway , although it is also localized to astrocytes and subsets of neurons in disease-free conditions (Schell et al, 1995; Williams et al, 2006) . Immunoblot analysis showed that SRR expression was upregulated by lipopolysaccharide (LPS) treatment, possibly through activation of JNK, in MG5 microglial cells ( Figure 5A ). Conversely, co-incubation of primary cultured microglia with a JNK inhibitor, SP600125, downregulated the expression of SRR ( Figure 5B ). The expression level of Iba1 is assumed to represent the activation level of microglia ( Figure 5A -C), because Iba1 expression is upregulated in accordance with microglial activation under several pathological conditions (Imai and Kohsaka, 2002) . To examine the contribution of mutant SOD1 to the upregulation of SRR, we infected adenoviruses encoding wild-type SOD1 and G93A-SOD1 into MG5 cells. Immunoblot analysis showed that enforced expression of G93A-SOD1, but not wild-type SOD1, enhanced expression of SRR along with upregulation of Iba1 in MG5 cells ( Figure 5C ). This enhancement was not accompanied by the activation of JNK at 72 h after the infection.
We further studied the levels of phosphorylated JNK in spinal cords from non-Tg and ALS mice by IF analysis. The number of phosphorylated JNK-positive cells increased at the end stage in ALS mice, but not in non-Tg mice ( Figure 5D ), and phosphorylated JNK-positivity was overlapped with both activated microglia and astrocytes ( Figure 5E and F) . These results suggest that inflammation-induced phosphorylation of JNK was also related to the promoted transcription of SRR as well as JNK-independent mutant SOD1.
Inhibition of endogenous SRR activity reduces NMDA toxicity Next, we examined the contribution of endogenous SRR activity to NMDA toxicity in ALS. Figure 3G and H shows that PSCs from ALS mice were more vulnerable to NMDA than control mice and the exogenous addition of D-Ser enhanced NMDA toxicity. To ascertain a role of endogenous SRR in vulnerability of ALS motoneurons to NMDA toxicity, we treated PSCs with NMDA and a SRR inhibitor, phenazine methosulfate (Met-Phen) (Kim et al, 2005) , and performed LDH assays. Because Met-Phen by itself is toxic to PSCs at higher concentrations (Supplementary Figure S4A) , we were only able to examine the effect of Met-Phen on SRR activity at a concentration of 1 mM. Using enzyme activity assay with GST-fused recombinant SRR ( Figure 6A and Supplementary Figure S4B and C), we recognized that Met-Phen reduced the SRR activity to 64.5% of the control at a concentration of 1 mM ( Figure 6B ). Replacement of cultured media by fresh media and preincubation of PSCs with 1 mM of Met-Phen partially but significantly alleviated NMDA toxicity to PSCs from ALS mice ( Figure 6C ). Considering that PSCs contained a substantial number of glia ( Figure 3D and E), this result indicates that D-Ser, excessively synthesized by endogenous SRR, potentiated NMDA toxicity to ALS motoneurons.
MAPK ERK1/2, p38 activation by NMDA/D-serine
To characterize the signaling pathway underlying D-Ser-enhanced NMDA toxicity, we examined the involvement of MAPK family proteins, which have been suggested to be closely linked to both motoneuronal apoptosis in ALS (Raoul et al, 2002) and NMDA-mediated toxicity (Haddad, 2005) . It was reported that prolonged exposure of primary cortical neurons (PCNs) to Glu resulted in sustained activation of extracellular signal-regulated kinase (ERK)1/2, which was completely prevented by blockage of NMDAR, but not those of any other Glu receptors, and such Glu-induced apoptosis-like cell death was largely prevented by inhibition of the ERK1/2 activity (Jiang et al, 2000) . Further, ERK1/2 involvement has recently been demonstrated in multiple in vitro and in vivo models of chronic neuronal death (Colucci-D'Amato et al, 2003), although ERK1/2 was originally regarded as a signaling molecule transmitting pro-survival effects.
PCNs from both non-Tg and ALS mice treated with NMDA exhibited elevated phosphorylation of ERK 1/2 and p38, but not that of JNK ( Figure 7A ). These elevations were further enhanced by co-treatment with D-Ser. Performing IF analysis with anti-phospho-ERK1/2 antibody, we confirmed significant elevation of ERK1/2 phosphorylation in motor neuronlike cells and glia-like cells in spinal cords of ALS mice at both early and end stages, but not in those of non-Tg mice ( Figure 7B ). These results suggest that NMDAR stimulation 
Increased D-serine in sporadic and familial ALS
To examine the possible elevation of D-Ser levels in spinal cords of human ALS cases, we performed immunohistochemical analysis of spinal cords from postmortem human ALS cases with the anti-D-Ser antibody. A familial ALS (with A4V-SOD1) spinal cord and two of three sporadic ALS spinal cords showed notable elevations of the D-Ser levels in both motor neurons and non-neuronal cells, whereas no sample from the controls did so (Figure 8 ), indicating that D-Ser levels are also elevated in human ALS cases. These results support the idea that Glu toxicity enhanced by D-Ser may play a pathological role not only in ALS mice models, but also in at least one case of familial ALS and some forms of sporadic ALS.
Immunohistochemical analysis of human ALS cases was further performed with the mouse monoclonal anti-mouse SRR or goat polyclonal anti-human DAO antibody. The antigen for SRR antibody was 93% identical to human SRR in the amino-acid sequence. Most SRR-positive cells appear to be non-neuronal. The number of the SRR-positive cells increased in two out of three sporadic ALS patients, whose spinal cord sections also showed increased immunoreactivity to D-Ser, but not in any of the controls nor in a familial ALS patient (Supplementary Figure S5A) . On the other hand, spinal cord sections from sporadic ALS patients and a familial ALS patient showed a slight increase in the number of DAO-positive non-neuronal cells compared with controls (Supplementary Figure S5B) . These immunostaining patterns of human ALS cases suggest that there is a similar mechanism of D-Ser-overproduction between human and mousemodel ALS.
Discussion
We would like to propose a novel hypothesis to explain the mechanism underlying motoneuronal death involving glial activation in the ALS pathogenesis. In this hypothesis, we think that the elevation of SRR expression, initially induced by glial activators and/or mutant SOD1, subsequently increases D-Ser levels in activated glia. The elevated levels of D-Ser in the extracellular space in turn augment Glu toxicity to motoneurons through NMDARs, which may be intracellularly mediated by both ERK1/2 and p38 MAPK. D-Amino acids had been detected only in bacteria and invertebrates. Studies in the 1990s, however, pointed out the existence of D-Ser at micromolar levels and its producing enzyme SRR in the central nervous system (CNS) of higher species, including humans (Hashimoto et al, 1993; De Miranda et al, 2000) . The physiological and pathological roles of D-Ser remain unclear except for its roles in regulation of the NMDAR activation and possibly the development of schizophrenia by NMDAR hypofunction (Chumakov et al, 2002) . We have here provided evidence that elevated levels of D-Ser caused by glial activation may enhance Glu toxicity in the ALS pathology.
D-Ser, compared with L-Ser, is presumably prone to accumulate in CNS when its production is excessive, as suggested by the fact that the metabolic inactivation of D-Ser is much slower than that of L-Ser in CNS when D-Ser or L-Ser was systemically administered in vivo (Takahashi et al, 1997) . Two major mechanisms underlying increased glial production of D-Ser have been reported: pro-inflammatory stimuli induce release of D-Ser from microglia by elevating transcription of SRR through the JNK-mediated activation of a transcription factor activator protein-1 ; and Glu stimulation of AMPA receptors induces elevation of the enzymatic activity of SRR and release of D-Ser from astrocytes (Kim et al, 2005) . In ALS, the transcriptional upregulation of SRR in microglia is speculated to be the main cause for the progressive increase in the overall D-Ser levels for two reasons: the expression levels of SRR are much higher in microglia than in astrocytes in spinal cords of ALS mice ( Figure 4) ; and both inflammation-induced phosphorylation of JNK and the expression of mutant SOD1 seemed to elevate the SRR levels in ALS microglia ( Figure 5 ). Yet at the same time, astrocytes may also contribute to the increase of the D-Ser level, because excessive amounts of Glu in the spinal cords of ALS can activate the enzymatic activity of SRR in astrocytes. This speculation is supported by the observation that immunoreactivity to D-Ser also elevated in astrocytes (Figure 2) . Currently, however, it remains unclear whether D-Ser upregulation in astrocytes was caused by activated synthesis of D-Ser by SRR or only the result of uptake via D-Ser transporters such as Asc-1. Slight elevation of D-Ser levels in the spinal cords of ALS mice appears to occur at the age of 9 weeks (Figure 1 ) when significant glial activation does not occur (data not shown). This finding may support a possibility that neuronal SRR also contributed to the overproduction of D-Ser even though the expression level of neuronal SRR was less than that detectable with an IF analysis (data not shown). It is further conjectured that failure in D-Ser metabolism, caused by an inactivation of the degradation enzyme (e.g. DAO) and/or decrease in glial uptake, may be relevant to the development of the ALS pathogenesis. However, the whole molecular mechanism underlying the metabolic inactivation of D-Ser remains elusive. Fold 1.0 1.1 1.3 1.6 2.0 1.0 1.2 1.3 1.5 1.7   Fold 1.0 1.1 0.8 1.3 1.7 1.0 0.9 1.3 1.4 D-Ser, a dominant co-agonist at the glycine site of the NR1 subunit in NMDARs, is thought to be toxic by exacerbating Glu toxicity when its extracellular levels are elevated. Ca 2 þ entry through NMDARs has the power to determine neuronal fate in many neuropathological conditions and intense or chronic activation of NMDARs can cause neuronal death (Hardingham and Bading, 2003) . To be functional, NMDARs essentially require the binding of a co-agonist to the glycine site (Johnson and Ascher, 1987) . The finding in this study that NMDA by itself caused cell death in PSCs ( Figure 3G) indicates that glycine or D-Ser was excreted endogenously by PSCs. Considering that exogenous addition of D-Ser augmented NMDA toxicity ( Figure 3H ) and inhibition of endogenous SRR activity reduced the NMDA toxicity in PSCs from ALS mice (Figure 6 ), we speculate that D-Ser plays a major role in NMDA toxicity in ALS motoneurons. This speculation is also supported by the finding that exogenous addition of glycine, a competitive inhibitor for SRR (Dunlop and Neidle, 2005) as well as a co-agonist for NMDARs, significantly reduced the NMDA toxicity in PSCs from ALS mice ( Figure 3I ). In contrast, NMDA toxicity in control PSCs did not seem to be affected by D-Ser or by treatment with the SRR inhibitor ( Figure 3H and 6), indicating that D-Ser/NMDA toxicity to ALS motoneurons is augmented by motoneuronal and glial alterations caused by expression of mutant SOD1.
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How is D-Ser/NMDA toxicity augmented in ALS? Alteration in expression of NMDARs and regulation of NMDARs by its associated proteins may contribute to the increase in NMDA toxicity. To test this possibility, we examined the expression of NMDARs in ALS mice. No significant difference was observed in the expressions of NR2 subunits to which Glu binds between non-Tg and ALS mice at 3 weeks, when no pathological motoneuronal death occurred (Supplementary Figure 6A) . In contrast, NR1 subunit to which D-Ser binds decreased in the expression level at 3 weeks and remained low even at 7 weeks when some of motoneurons begin to die (Supplementary Figure S6A and B) . This result suggests that expression of NR1 was downregulated by a physiological negative-feedback mechanism in the presence of excessive concentrations of D-Ser. Thus, alteration in the expression levels of NMDARs does not appear to be responsible for the increasing vulnerability to D-Ser/NMDA toxicity in ALS. Putative contribution of an alteration in the receptor localization or in the expression of receptor-associated proteins to the development of NMDA toxicity in ALS remains to be clarified. Furthermore, some sort of ALS-related intracellular signaling or extracellular toxic factors such as inflammatory cytokines, some oxides, or excreted mutant SOD1 may also enhance D-Ser/NMDA-mediated toxicity. These issues should be addressed in the future investigation.
Based on the findings that the elevated level of Glu remains unchanged with the disease progression of ALS (Rothstein et al, 1990) , whereas the D-Ser level progressively increases during the course of ALS (Figure 1) , it is speculated that the D-Ser level has a positive correlation with disease progression of ALS. Moreover, the findings that the vulnerability of ALS motoneurons to NMDA was augmented by D-Ser (Figure 3 ) and reduced by SRR inhibition (Figure 6 ) support our hypothesis that the D-Ser level becomes a key determinant of Glu toxicity in ALS. Furthermore, in the light of histological findings in this study, D-Ser overproduction may be a common feature among ALS model mice, human familial ALS, and some forms of sporadic ALS. Given the relevance of this hypothesis, therapeutic strategies decreasing D-Ser levels by modulating enzymatic activity of D-Ser-producing SRR and D-Ser-degrading DAO and/or those blocking the association between D-Ser and the glycine site of NMDAR may be beneficial to ALS patients.
In conclusion, a novel mechanism for neuronal excitotoxicity regulated by glia-derived D-Ser has been proposed for ALS pathogenesis in this study. Considering that chronic activation of NMDARs was assumed to be involved in cell death in many neuropathological conditions, a similar hypothesis can be also relevant to other neurological diseases with comparable abnormalities.
Materials and methods
Mice
Transgenic mice expressing a high copy number of mutant human SOD1 with a Gly-93-Ala substitution (G93A-SOD1) were obtained from Jackson Laboratories. They were maintained in a specific pathogen-free environment as described previously (Chiba et al, 2005) and killed humanely. All animal experimental procedures were approved by the Institutional Animal Experiment Committee at KEIO University.
Immunofluorescence analysis
Cryostat sections from non-Tg and G93A-SOD1 Tg mice, NSC34 cells, and primary spinal cord cultures derived from embryonic day 14 (E14) embryos of non-Tg mice were processed for IF analysis (described in detail in Supplementary Methods).
D-Serine assay
Spinal cords were homogenized in three-fold volumes of 5% trichloroacetic acid (TCA) (3 ml 5% TCA for 1 mg spinal cord). Precipitated protein was removed by centrifugation. The supernatants were extracted five times with 1 ml of water-saturated diethyl ether to remove TCA and incubated with DAO (Sigma) (Scannone et al, 1964; Wolosker et al, 1999b) , which degrades Damino acids into an a-keto acid, NH 3 and hydrogen peroxide. The amounts of D-Ser in samples were measured by quantification of generated hydrogen peroxide. Actually, 10-ml sample aliquots were added to 100 ml of media containing 100 mM Tris-HCl, pH 8.8, 10 U/ml peroxidase, and 8 mM luminol. After a 10-min delay, 10 ml of DAO (75 U/ml) was added and mixed gently with a pipette tip. Chemiluminescence was measured after 10 min at room temperature using a luminometer.
Primary cell preparation and cell-death assays
PCNs and PSCs at E14 were prepared as described previously (Chiba et al, 2005) and by the method developed by Urushitani et al (2006) . Primary cultured microglial cells were separated from PCNs (Suzumura et al, 1987) . Purity of primary microglia was estimated to be 95% by staining with FITC-conjugated isolectin B4 from G. simplicifolia (10 mg/ml, Sigma). On day 5 of culture, PSCs were treated with 500 mM NMDA (Wako), 100 mM D-Ser (Wako), or 30 mM DCKA (Sigma). To inhibit SRR activity and biosynthesis of D-Ser, media of PSCs were replaced by Dulbecco's modified Eagle's medium (DMEM, Sigma) with N2 supplement (Invitrogen) to remove D-Ser. PSCs were then preincubated with 1 mM phenazine methosulfate (Met-Phen, Sigma) for 1 h before NMDA treatment. At 24 h after the treatment, numbers of immunostained PSCs in random five visual fields of 450-mm 2 ( ¼ 0.2 mm 2 ) were counted and then counted numbers were multiplied by 5 to estimate cell numbers in 1 mm 2 . LDH releases from PSCs in death assays were estimated with an LDH assay kit (Wako) at 24 h after treatment. Absorbance of the mixtures at the 560 nm wavelength was measured by a Plate Reader (Bio-Rad). Because LDH is constantly excreted into media from viable cells as well, the basal levels of LDH are relatively high. When LDH release is increased to the 1.3 Â level, about 60% of neurons in PSCs die, as shown in Figure 3C and G.
Cell cultures, transfection, and adenoviral infection A mouse SRR cDNA was PCR-amplified from total mouse brain cDNAs. The system of a replication-deficient adenoviral vector was purchased from TaKaRa (Japan). Adenoviral vectors encoding wildtype SOD1 and G93A-SOD1 were generated by inserting full-length cDNAs into pAxCAwt. NSC34 cells (Cashman et al, 1992) , the hybrids of motor neuron-enriched, embryonic mouse spinal cord cells with mouse neuroblastoma N18TG2, were maintained in DMEM with 10% FBS (Hyclone, Logan, UT). The mouse microglial MG5 cells (Ohsawa et al, 1997) were cultured in a 5:2 (v/v) cocktail of the A1 astrocytic glial cells conditioned medium and DMEM containing 10% FBS. Transfection by lipofection (1 mg of DNA, 2 ml of Lipofectamine, 4 ml of PLUS Reagent) was performed as reported previously (Hashimoto et al, 2001 ). MG5 cells were infected using adenoviral vectors as described previously (Tsuji et al, 2002) .
Immunoblot analysis
Spinal cords, removed from mice, were lysed in a buffer (20 mM HEPES/NaOH (pH7.4), 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1 mM DTT, protease inhibitor cocktail (Complete, Roche)). Cells were lysed in a buffer (20 mM Tris-HCl (pH7.5), 150 mM NaCl, 5 mM EGTA, 12 mM b-glycerophosphate, 10 mM NaF, 1 mM sodium orthovanadate, 1% Triton X-100, 1% deoxycholate, 1 mM DTT, protease inhibitor cocktail (Complete, Roche), phosphatase inhibitor cocktails 1 and 2 (Sigma)). PCNs, incubated with or without NMDA in the absence or presence of D-Ser (100 mM) for 0.5 h; MG5 cells, treated with or without 300 ng/ml of LPS for 72 h, or infected with adenoviruses carrying LacZ, wild-type SOD1, or G93A-SOD1 for 72 h; and primary microglia, treated with or without 30 mM SP600125 (Calbiochem-Novabiochem, San Diego, CA) for 96 h. Immunoblot analysis was performed as described in the Supplementary Methods. For the quantification of protein levels, the density of each band was measured by NIH Image Version 1.62.
Measurement of SRR activity
Recombinant GST-SRR fusion protein was purified as described in the Supplementary Methods. SRR activity was determined by measuring pyruvate generated from L-Ser . Pyruvate was produced in 50 ml of a reaction buffer containing 50 mM Tris-HCl (pH 8.3), approximately 5 mg of purified GST-fusion enzyme immobilized onto glutathione-sepharose beads, 20 mM pyridoxal 5 0 -phosphate, 1 mM MgCl 2 , and 20 mM L-Ser. Reaction mixtures were incubated with or without 1 mM Met-Phen or 1 mM aminooxyacetic acid under constant rotation at 371C for 6 h. Then 10 ml of the supernatant was incubated with NADH (50 mM, Sigma) and LDH (10 mg/ml, Roche) in a total volume of 50 ml at 251C for 1 h.
Amounts of generated pyruvate were measured by monitoring the decrease in NADH absorbance at 340 nm. Full activity of recombinant SRR was defined as differences in the absorbance between reaction products incubated with and without GST-SRR.
Human samples
Patients were diagnosed as ALS by clinical and neuropathological criteria. At autopsy, spinal cords were removed; blocks of each level of spinal cords were immediately placed in 4% paraformaldehyde in PBS (pH 7.4), embedded in paraffin, and then subjected to neuropathological examination. The lumbar spinal cords used in this study originated from samples of a FALS patient with A4V-SOD1 mutation, three patients with SALS, and four non-ALS patients with no pathologic findings in spinal cords. The mean ages of FALS, SALS, and control groups were 39 years, 63.375.8 years, and 59.079.2 years, respectively. Immunostaining procedures were described in the Supplementary Methods.
Statistics
All values in the figures of this study indicate means7s.e.m. Statistical analyses for the experiments were performed with oneway ANOVA followed by a Fisher's PLSD, in which Po0.05 was assessed as significant.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
